Abstract Theobromine (THB) is one of the major xanthine-like alkaloids found in cacao plant and a variety of other foodstuffs such as tea leaves, guarana and cola nuts. Historically, THB and its derivatives have been utilized to treat cardiac and circulatory disorders, drug-induced nephrotoxicity, proteinuria and as an immune-modulator. Our previous work demonstrated that THB has the capacity to improve the formation of hydroxyl-apatite during tooth development, suggesting that it may also enhance skeletal development. With its excellent safety profile and resistance to pharmacokinetic elimination, we reasoned that it might be an excellent natural osteoanabolic supplement during pregnancy, lactation and early postnatal growth. To determine whether THB had an effect on human osteoprogenitors, we subjected primary human bone marrow mesenchymal stem cells (hMSCs) to osteogenic assays after exposure to THB in vitro and observed that THB exposure increased the rate of osteogenesis and mineralization by hMSCs. Moreover, THB exposure resulted in a list of upregulated mRNA transcripts that best matched an osteogenic tissue expression signature as compared to other tissue expression signatures archived in several databases. To determine whether oral administration of THB resulted in improved skeletal growth, we provided pregnant rats with chow supplemented with THB during pregnancy and lactation. After weaning, offspring received THB continuously until postnatal day 50 (approximately 10 mg kg -1 day -1 ). Administration of THB resulted in neonates with larger bones, and 50-day-old offspring accumulated greater body mass, longer and thicker femora and superior tibial trabecular parameters. The accelerated growth did not adversely affect the strength and resilience of the bones. These results indicate that THB increases the osteogenic potential of bone marrow osteoprogenitors, and dietary supplementation of a safe dose of THB to expectant mothers and during the postnatal period could accelerate skeletal development in their offspring.
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Introduction
Theobromine (THB) (3,7-dimethyl xanthine, IUPAC: 3,6 dimethyl purine-2,6-dione) [Fig S1 ] is one of the major xanthine-like alkaloids found in cacao plant and a variety of other foodstuffs such as tea leaves, guarana, and cola nuts [1] . It is a member of the xanthine alkaloid family that includes caffeine and theophylline. THB is generally regarded as safe for human consumption [2] , and as a Electronic supplementary material The online version of this article (doi:10.1007/s00223-016-0215-6) contains supplementary material, which is available to authorized users. natural vasodialator and diuretic, the molecule and synthetic derivatives are utilized to treat a variety of cardiac and circulatory disorders [3] [4] [5] [6] , ameliorating the effects of drug-induced nephrotoxicity [7] , reducing proteinuria [8] and as an immune-modulator [9] [10] [11] [12] . The average amount of THB in cocoa is about 1.9% and chocolate about 0.15-0.46% by mass [1, 2, 13, 14] . The toxicity of THB has been determined in rats [15] and anorexia, decrease in body weight and atrophy of the thymus and testes were observed at extremely high doses (0.6% by mass, equivalent to 250-00 mg kg -1 day -1 ). Extrapolating from these studies, Stavric predicted that toxicity in humans might be achieved by consuming 18 g of THB per day (equivalent to 171 1.05 oz chocolate bars per day), exposure that is unlikely though dietary means [2] and much higher than potential therapeutic doses suggested by the work presented here. In view of its excellent safety profile and prevalence in common foodstuffs, United States Food and Drug Administration (FDA) assigned a ''Generally Recognized as Safe'' (GRAS) notice (GRN 000340) to THB in 2010. Due to our previous data on the effect of THB on apatite-forming-systems [16] [17] [18] , we further expanded the studies of THB on osteogenic properties. With its excellent safety profile and improved resistance to pharmacokinetic conversion and elimination, we reasoned that it might be an excellent osteoanabolic supplement during the early postnatal growth.
Some of the first indications that THB may have osteogenic bone forming properties came from observations made during our early studies on the effects of xanthine-like alkaloids on rat tooth development. Maternal dietary administration of about 10 mg kg -1 THB during pregnancy and lactation resulted offspring that had developed teeth with larger hydroxyl-apatite (HAP) crystals that were more resistant to acidic pH challenge than untreated controls [16] [17] [18] . In vitro HAP formation assays suggested that THB acts on HAP crystallization by directly interacting with the hydroxyl-apatite [19] , but a biochemical role for THB in enhancing osteogenesis has not been explored.
To expand our study of THB beyond its role in odontogenesis, we questioned whether THB exposure could enhance the osteogenic capacity of human bone marrowderived mesenchymal stem cells (hMSCs) and whether oral consumption of THB by rats during pregnancy, lactation and early growth may improve growth and skeletal development of offspring. The public health significance of this study is highlighted by reports that skeletal growth and development can be significantly inhibited in humans in utero through exposure to alcohol [20, 21] , nicotine [20, 22] , maternal disease [20] and malnutrition [23] . Even when exposure to toxins and nutritional deficits are resolved, reversal of the effects are challenging because administration of anabolic drugs to pregnant mothers and infants can be associated with serious safety concerns [24] [25] [26] . With its excellent safety profile [2, 27, 28] , GRAS status, natural origin and abundancy, excellent oral bioavailability and long plasma half-life [29, 30] , THB may serve as a safe and effective natural osteoanabolic supplement.
Materials and Methods
For additional details, please refer to Supplemental Information
Human Mesenchymal Stem Cells
Cryopreserved vials of hMSCs from three human donors were acquired from the Texas A&M Institute for Regenerative Medicine hMSC distribution facility in accordance with an Institutional Review Board-approved protocol. For experiments, cells were recovered from frozen aliquots and subcultured in complete culture media (CCM) containing alpha minimal essential media, 4 mM supplemental glutamine, penicillin, streptomycin and 20% fetal bovine serum (Atlanta Biologicals, Norcross, GA) as previously described [31] .
Immunophenotyping
MSCs were immunophenotyped using the International Society for Cell Therapy recommended panel as previously described [32] .
Adipogenic Differentiation Assays
Differentiation to adipocytes was performed on confluent monolayer cultures using standard adipoinductive media [31] . After 21 days, the cultures were stained with oil red O solution and visualized using an inverted microscope (Nikon Eclipse, TE200) fitted with a Nikon DXM1200F digital camera.
Chondrogenic Differentiation
Chondrogenic differentiation assays were performed by micromass pellet cultures on 200,000 hMSCs using standard chondrogenic media [31] . After 21 days, the chondrogenic pellets were embedded in paraffin, sectioned and then stained with toluidine blue (Sigma).
Mineralizing (Late Stage) Osteogenic Differentiation of MSCs
Confluent cultures of hMSCs were incubated in standard osteomineralizing media (OMM) for 14-21 days.
Thereafter, calcified monolayers were stained with 40 mM Alizarin Red S (ARS) pH 4.0 (Sigma). In some cases, digital scans of monolayers were densitometrically analyzed using commercial software (Quantity One, Biorad) to generate integrated volume readings of the entire monolayer. For each time-point, values (n = 3) were normalized to the mean of the vehicle control and plotted where the control density was set to = 1.0. Data were statistically analyzed using ANOVA and Tukey's posttest.
Alkaline Phosphatase (ALP)
Early osteoblastogenesis was induced on confluent monolayers in 12-well plates by addition of osteo-base media (OBM) consisting of complete culture medium supplemented with 5 mM sodium glycerophosphate, 50 lg mL -1 ascorbic acid. THB was also added to the media when required, and medium was changed every 2 days. After 8 days, ALP activity as a function of conversion of PNPP to nitrophenolate (deltaOD 405 min -1 ) was measured over 10 min. The rates were compared against standards with a known concentration of ALP and normalized against the number of cells in the cultures.
Osteoprotegerin (OPG) Assays
Two-day conditioned media were recovered from cultures subjected to ALP assays using a commercially sourced enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN). Media samples were diluted 1:10 with PBS containing 1% (w/v) bovine serum albumin (Sigma) and 0.1% (v/v) Tween 20 (Sigma).
Measurement of Cell Number
Cells were recovered from each well by trypsinization, and their numbers were measured by nucleic acid fluorescence incorporation assay (CyQuant, Invitrogen).
Microarray Transcriptome Analysis
Microarray assays were performed using on the HG-U133 Plus 2.0 microarray chips (Affymetrix) by routine procedures. Data were analyzed using dChip software. Expression levels (as functions of arbitrary densitometric values from the array scans) were used to generate lists of upregulated genes (at least twofold). These lists were used to interrogate the tissue expression (Cancer Genome Anatomy Project, CGAP), gene ontology and pathway databases on the Database for Annotation, Visualization and Integrated Discovery (DAVID) website run by the National Institute of Allergy and Infectious Diseases (NIAID), NIH [http://david.abcc.ncifcrf.gov/] [33] .
Effect of THB on Skeletal Growth During Pregnancy, Lactation and the Early Growth Period
A timeline is provided in Fig. 3a . All animal procedures were performed in accordance with a protocol approved by the Texas A&M University Institutional Animal Care and Use Committee. Ten pregnant Sprague-Dawley rats (approximate weight, 200 g) were shipped when sperm positive (day 1) (Envigo (previously Harlan) Laboratories). At day 7, dams were divided into 2 groups (n = 5 per group) and fed control or experimental diets. THB-containing rat chow (THB-chow) was prepared by finely morselizing standard dry rat food (Rodent 2018, powder meal, Envigo Laboratories) in the presence of powdered THB at a concentration of 0.113 g THB per kg food. This concentration was calculated to maintain an approximate THB dose of 10 mg kg -1 maternal body weight per day. Control-chow (CTL-chow) was prepared in exactly the same way, but without THB. At day 22 or 23, four dams from each group gave birth to live offspring, and litters were normalized by size and sex. Eight pups per group were randomly selected at this stage for neonatal bone and mass measurements. The experimental diets were available to the lactating rats throughout suckling and to offspring after weaning until postnatal day 50. At day 44, offspring were weaned and fed THB-chow or CTL-chow for the remainder of the study. The THB concentration in the chow was modified twice so as to maintain an approximate dose of 10 mg kg -1 . At day 72 (50 days old) of the experiment, rats were humanely euthanized.
Digital Radiography, Micro-Computed Tomographic (lCT) Scanning and Digital Histomorphometry
Scans were performed using specimen X-ray imagers (Faxitron M20, Tucson, AZ and Skyscan 1174, Bruker, Contich, Belgium) in accordance with Supplemental Information.
Biomechanical Testing
Three-point bending tests were performed on an Instron/ MTS 1125 ReNew universal mechanical test instrument with a span of 19 mm and crosshead speed of 2 mm min -1 . Break sensitivity was set to 90%.
Statistics
For all measurements, data were statistically analyzed by commercially available software (GraphPad 
Results

Effect of THB on Osteogenesis by hMSCs
Upon recovery from cryopreservation, the hMSCs proliferated with a doubling time of 12-16 h, retaining a spindleshaped fibroblastic morphology. After expansion through approximately 25 population doublings, hMSCs were subjected to an immunophenotypic panel by flow cytometry. The cells were found to be positive for mesenchymal and non-hematopoietic markers CD73, CD90, CD105 and negative for hematopoietic markers CD11b, CD14, CD19, CD79a, CD34 and CD45 and MHC class II antigens (HLA-DP, DQ, DR) (Fig. 1a) . When subjected to osteogenic conditions, the hMSCs generated ARS-stained calcified monolayers demonstrating the capacity to differentiate into osteoblast-like cells (Fig. 1b) . Upon exposure to adipogenic media, the hMSCs generated adipocyte-like cells characterized by the presence of lipid-filled oil red O-positive adipocytes (Fig. 1c) . Micromass culture of the hMSCs in the presence of chondrogenic media resulted in the formation of cartilaginous pellets that stained purple with toluidine blueborate, confirming the presence of cartilage proteoglycans (Fig. 1d ). Together these data confirmed that the cells satisfy the currently accepted definition for hMSCs in that they have the expected immunophenotype and undergo tri-lineage differentiation under classical conditions [34] . We next questioned whether THB had the capacity to accelerate differentiation of hMSCs to early osteoblast progenitors. To achieve sufficient concentrations in the media, THB was dissolved in alkaline conditions followed by dilution in sterile distilled H 2 O prior to use in assays. Confluent cultures of hMSCs were induced to differentiate into early osteoprogenitors by exposure to OBM media containing 1-100 lM THB or an appropriate volume of vehicle. Media and THB were replaced every 2 days, and after 8 days of culture, intact monolayers were subjected to colorimetric assays of membrane-localized ALP activity [35] . ALP activity, a marker of early to mid-stage osteogenesis, was elevated in cultures that received 25 lM THB and reached a maximal level of stimulation at 50-100 lM THB (Fig. 2a) . Similarly, we observed that OPG levels were increased in cultures that received greater than 25 lM THB but unlike ALP, this did not appear to increase with greater concentrations (Fig. 2b) . Cell yields were not significantly affected by THB treatment, but a slight negative trend suggested that concentrations in excess of 100 lM may inhibit proliferation and/or viability (Fig. 2c) .
We next tested whether THB could affect the terminal or mineralizing stages of osteoblast differentiation. For this purpose, confluent cultures of hMSCs were exposed to THB-supplemented OBM for 8 days, followed by THBsupplemented OMM media for up to 14 additional days. After 7 days of exposure to THB-supplemented OMM, 50 lM THB caused accelerated mineralization of the monolayers as compared to lower doses and the vehicle when visualized by ARS staining and densitometric scanning of the stained monolayers (Fig. 2d, e) . Microscopy confirmed the presence of raised, ARS-dense nodules, suggestive of monolayer biomineralization (Fig. 2f) . After 14 additional days, cultures containing lower THB doses and the control underwent mineralization, but densitometric scanning indicated that the 5 and 50 lM THB-exposed cultures remained more densely stained with ARS than the vehicle control (Fig. 2d, e) .
The data indicated that THB has the capacity to upregulate a selection of common osteogenic markers expressed by hMSCs but to confirm this hypothesis we performed transcriptomic analyses on THB-treated and THB-untreated cultures. Monolayer cultures from two donors were subjected to 8 days of exposure to OBM supplemented with 50 lM THB. Total RNA was recovered from the cultures and analyzed by Affimetrix HG-U133 Plus 2.0 microarray chips. A total of 562 and 1029 transcripts were identified as upregulated more than twofold by treatment with THB. When the upregulated lists were analyzed by the DAVID database, we found that both corresponded to bone tissue expression signatures with the greatest statistical significance as compared to other tissues [ Table S1 ]. When the lists were analyzed for associated gene ontology terms, there was a prevalence of gene clusters associated with extracellular matrix-integrin interactions and focal adhesion signaling consistent with the formation of collagen-rich osteoid-like tissue [ Table S2 ]. The two donors tested also shared upregulation of bone morphogenic protein/transforming growth factor-b (BMP/TGFb), focal adhesion pathway-related genes and some wingless (Wnt) pathway-related transcripts. Similar results were observed when monolayers were cultured with 100 lM THB, but the association with bone differentiation became less apparent with 25-lM treatment. High-dose THB treatment (100 lM) resulted in downregulation of cyclin 1 and 2, and cyclin-dependent kinases (CDK) 2 and 6, but there was no significant upregulation of apoptotic transcripts, suggesting that THB affected proliferation rather than apoptosis in the assays presented in Fig. 2c .
Effect of Dietary THB Exposure on Postnatal Development of Rodent Offspring
To test whether THB had a skeletogenic effect in vivo, pregnant rats were exposed to dietary THB (about 10 mg kg -1 ) in chow for the duration of their pregnancy and during lactation, and offspring were exposed to THB during the postnatal growth period up to day 50 (Fig. 3a) . The rationale for this strategy was to experimentally mimic a situation where THB might be used to enhance the skeletal development and size of offspring. Rats gave birth at day 22 resulting in 51 live pups in the THB-chow group and 44 in the control (CTL)-chow group. The viability and sex distribution of offspring in each group was normal [ Table S3 ].
To evaluate the effect of THB on skeletal growth that may have occurred in utero, eight male neonates were randomly selected from the THB-treated and CTRL-treated groups and euthanized by decapitation. Qualitative examination of the offspring indicted that the bodies of THB-treated rats were larger than controls, and no external deformities in either group were evident [ Fig S2] . Skulls were scanned by lCT, and the total volume of bone was found to be greater in the THB-chow group (Fig. 3b) . The cranial diameter in the horizontal direction at the midpoint between the anterior and posterior extremity of the cranium Fig. 2 Effect of THB on osteogenic capacity of hMSCs. a Colorimetric ALP assays on intact monolayers demonstrate a dosedependent upregulation of activity in the presence of THB. b ELISA for OPG in culture media demonstrates a dose-dependent upregulation of OPG secretion in the presence of THB. c Cell recoveries from THB-treated cultures. d Monolayers were treated for 8 days in the presence of OBM-containing THB and then transferred to THB-containing OMM for 14 additional days. High doses of THB accelerate mineralization when detected by ARS staining at 7 and 14 days. e Densitometry profiles of the stained monolayers are presented below each plate, internally normalized to intensity of untreated controls. f Micrographs of control (above) and 50 lM THBtreated monolayers (below) after ARS staining. Fifty-lM THB treatment results in generation of raised, calcium-rich nodules. Statistics for b-e Data presented as means and standard deviations (n = 3) tested by one-sided ANOVA and Dunnett's or Tukey's posttest. Comparisons are between the vehicle and THB doses, p \ 0.05*; p \ 0.01**; p \ 0.005*** was also found to be larger in the THB-treated group (Fig. 3c ). Humeri were also longer in THB-treated neonates than in controls (Fig. 3d) . While not statistically significant based on the parameters set by this study, the data also displayed a strong trend in favor of longer spinal columns in the THB-chow-treated neonates (p = 0.0513, Fig S3) . The overall masses of THB-treated neonates were also higher in the THB-treated group (Fig. 3e) .
To examine the effects of THB on further postnatal development, litter sizes and gender distribution were normalized between dams to minimize the effects of competition between offspring during feeding and to ensure an adequate number of specimens for analyses. For technical reasons, assays were restricted to females. After birth, dams continued to receive THB-chow or CTL-chow for 22 days during lactation and weaned offspring received THB-chow or CTL-chow thereafter. Offspring were weighed at postnatal days 26, 33 and 40 (4, 11 and 18 days post-wean) and at each time-point, those receiving THBchow were consistently heavier than controls (Fig. 3f) . The difference in mass between THB-chow and CTL-chow groups was ?9.66 (SD 0.57%), ?9.18% (SD 0.47%) and ?9.24% (SD 0.44%) for days 26, 33 and 40, respectively. At postnatal day 50 (28 days post-wean), rats were then humanely euthanized.
Hind limbs were dissected from the offspring, and lCT was performed on the trabecular structures of the tibiae. While there was no statistically detectable difference in trabecular thickness (Tb.Th.) (Fig. 4a) , we observed that trabecular spacing (Tb.Sp.) was reduced (Fig. 4b ) and trabecular number (Tb.N.) (Fig. 4c ) was substantially increased in the THB-chow group as compared to control specimens. As expected, this was associated with an increase in trabecular surface area (Fig. 4d) . The data suggested that THB causes an increase in the frequency but not size of trabecular structures, an observation that could be confirmed qualitatively when axial cross sections were inspected (Fig. 4e) . We also observed that the trabecular structures of the tibiae were deeper in the THB-treated group, extending distally to one-third of the length of the tibia as compared to about one quarter in the controls (Fig. 4f, g ).
We next examined the structure and biomechanical characteristics of femora. In contrast with the tibiae, we found that the femora were longer in THB-chow-treated offspring than controls (Fig. 5a ). We also observed that the mean cortical thickness at mid-diaphysis was significantly greater (Fig. 5b) associated with an increased polar moment of inertia (J) (Fig. 5c) . Surprisingly, three-point biomechanical testing of the femora indicated that the energy to break (Fig. 5d) and energy to yield (Fig. 5e) did not attain statistical significance in either direction, but the slightly increased energy to break values and reduced energy to yield values in the THB-treated bones suggest increased resilience to fracture, but with slightly less resistance to deformation.
Discussion
In this study, we found that THB has the biological capacity to upregulate osteogenesis by hMSCs. We initially observed that in the presence of osteogenic supplements, THB upregulated early osteogenic markers and induced mineralization when cultured in mineralizing osteogenic media. The effect of THB in inducing monolayer mineralization is more likely to be due to biological activity rather than enhancement of HAP crystal formation because the slightly acidic conditions of tissue culture favor the formation of simpler calcium phosphate salts such as brushite rather than HAP [32, 36] . While the data strongly suggested that THB enhanced osteogenesis by hMSCs, a broader, more objective analysis was performed where monolayers were incubated in THB followed by analysis of over 47,000 mRNA transcripts. THB treatment resulted in a transcriptomic signature that best matched bone tissue and analysis of gene ontology terms demonstrated a strong enrichment of transcripts involved with ECM attachment, ECM secretion and focal adhesion kinase signaling. This observation was expected given the enhanced formation of ECM usually associated with metabolically active osteoblasts. While a single, definitive molecular mechanism for THB in accelerating hMSC osteogenesis was not clear from the transcriptomic study, there was a robust upregulation of genes involved in TGFb/ BMP (SMAD) and cWnt signaling. Both of these pathways are key positive regulators of osteogenesis, functioning synergistically to drive differentiation through upregulation of the master regulator of osteogenic commitment, runtrelated transcription factor 2 (Runx2) [37] [38] [39] [40] . A direct role for THB in enhancing cWnt and SMAD signaling has not yet been reported in the literature, but a THB derivative can induce ECM deposition through cWnt and SMAD signaling in a model of pulmonary fibrosis [41] .
A recent report by Jang et al. [42] has described an inhibitory role for THB on adipogenesis by the murine stromal adipocyte-progenitor cell line 3T3-L1. This is interesting in the context of the results presented here because the pathways that regulate adipogenesis and osteogenesis in mammalian cells are antagonistic to one another [32, [43] [44] [45] [46] [47] [48] . In the report, Jang et al. describe the reduction in PPARc protein with several other adipogenic markers and an overall reduction in lipid accumulation. The collective results of Jung et al. and those from our study suggest that THB stimulates osteogenic pathways at the expense of adipogenesis in cultured multipotent progenitor cells, but further work is required to confirm this hypothesis. Jiang et al. also reported that THB had the capacity to arrest 3T3/L1 cells in the G 0 /G 1 phase of the cell cycle and regulated the expression of CDK2, and we observed a similar effect on hMSCs with high doses reducing cell yields and inhibiting cell-cycle transcripts.
The in vitro data performed on hMSCs strongly suggest that THB stimulates osteoprogenitor stem cells to undergo osteoblast differentiation, but it was unclear whether THB has an equivalent effect in vivo. To model the complex series of events that contribute to skeletogenesis and growth, we chose to orally administer THB to rats during pregnancy, lactation and to offspring during the postnatal growth period followed by measurements of hind limb long bone growth. This developmental model was chosen in part because we have previously utilized the approach to demonstrate a positive effect of THB in strengthening tooth hydroxyl-apatite [16] [17] [18] and our familiarity with the protocols would ensure the best chance of demonstrating proof-of-concept. The experimental approach was also designed to incorporate the processes of de novo bone development, growth and maintenance. This is particularly important to note because we do not yet know to what degree THB affects these individual processes.
Rats gave birth at day 22 with no effect of THB on the viability of offspring or sex distribution. This observation concurs with previous studies on the perinatal, postnatal and teratogenicity of THB [49] . Neonates originating from THBchow fed dams appeared larger and were heavier than control pups. At least some of the increased body mass could be attributable to bone tissue given that the total volume and cranial diameter of skulls and humerus length was significantly greater in the THB-chow group as compared to controls. Spinal columns also appeared longer in the THB-chow-treated neonates, but the data did not meet the significance threshold for this study. Collectively, these observations indicated that THB has the capacity to accelerate skeletal growth in utero. At 22 days old, offspring were weaned and continuously provided THB or CTL-chow for the duration of the experiment. The CTL-chow group exhibited a normal accumulation of body mass, but we observed an increase in the masses of THB-chow group which remained constant at approximately ?10% of the control group. While it was not possible to definitively attribute the increased body mass to skeletal development, the rats did not appear to have accumulated excess body fat, and food intake was comparable between the groups. Of note, THB administration to rats on a fatty diet has been reported to actually reduce overall body fat [50] .
Micro-CT scans and histomorphometric measurements of the trabecular structures of the proximal tibiae demonstrated increased trabecular number and reduced spacing, but not thickness in the THB-chow group compared to the controls. These results suggested that dietary supplementation of THB affected the de novo generation of the trabecular structures, rather than the homeostatic mechanisms that control trabecular thickness. Longitudinal scans of tibiae indicated that the trabecular structures penetrated deeper into the diaphysis in THB-chow-treated rats. Given that de novo trabecular bone is generally synthesized by endochondral ossification, contributing to bone elongation, it is possible that THB acts primarily on endochondral bone growth [51] .
Femora in the THB-chow group were longer and exhibited significantly thicker cortical bone, predicting greater strength, but when subjected to biomechanical testing the energies required to break or deform the THBtreated and control bones were statistically equivalent between THB-treated and control groups. However, trends in the data suggested that THB-treated femora are generally more deformable yet more resistant to fracture. This is a trait that corresponds well with rapidly growing bone tissue and normal fluctuations in bone density that occur in the bones of developing mammals, including humans. Rapid phases of growth are frequently accompanied by transient reductions in bone density that occur due to a phase lag between the rate of bone growth and the attainment of peak bone mass [51, 52] . One would therefore expect a transient reduction in the hardness of bone during a period of THB-induced acceleration of bone growth, but not so as to significantly increase the risk of fracture. Bone density does recover as the rate of growth slows [52] , and the bone that contributed to extra trabecular structures and femoral length is predicted to strengthen with age. Therefore, benefits of enhanced bone growth attributed to THB may indeed persist until adulthood in humans.
In the current study, the offspring rats received THB in utero, during lactation, and in food until early sexual maturity. These experiments have convincingly demonstrated the efficacy of THB in accelerating bone growth and development, but the protocol employed combines the processes of growth and development with homeostatic bone maintenance without the capacity to distinguish between the individual processes. In future studies, it may be necessary to determine how long the effects of THB persist in offspring if withdrawn at birth or shortly after lactation and whether THB can affect homeostatic bone turnover in adult rats.
To determine whether THB had a direct osteoanabolic effect on human osteoprogenitor cells, we performed in vitro molecular assays on hMSCs. In future studies, it will be necessary to compare the mechanism behind THBmediated upregulation of osteogenic processes in hMSCs with the mechanisms that cause THB-mediated enhancement of osteogenesis developing rats. A major goal of this work will be to elucidate, at the molecular level, how and at what stage THB enhances bone formation. THB appears to be effective for enhancement of growth and development as is shown in the present study and, therefore, might serve as a therapeutic for enhancement of skeletal growth and acceleration of bone healing. It is also possible that THB might be an effective natural treatment for chronic bone loss associated with diseases such as osteoporosis and diabetes. The data presented here therefore clearly justify further investigation of THB mechanism in human cells and animal models of bone trauma and systemic bone loss. It is noteworthy to add that the upregulation of OPG by MSCs during exposure to THB could indicate a role in the modulation of bone homeostasis given that OPG is an inhibitor of receptor activator of NFkappaB ligand, a key activator of osteoclast activity [53] , but in the current study we did not enumerate osteoclasts in the experimental rats.
Collectively these data demonstrate that THB has a potent osteogenic effect on human osteoprogenitor cells in vitro and when THB is fed to rats during pregnancy, lactation and during the postnatal growth period, the offspring exhibit robust signs of accelerated skeletal growth in utero that persists after weaning. These findings are particularly relevant to cases of intrauterine growth retardation in humans caused by exposure to malnutrition, nicotine, drugs or alcohol [20] [21] [22] [23] . These cases are difficult to treat, and administration of bone modifying drugs to pregnant mothers and infants is associated with a high degree of risk [24] [25] [26] . It has also been reported that 10-30% of growthrestricted infants do not exhibit catch-up growth and can suffer from a variety of serious health problems in later life [54, 55] . While careful safety and efficacy studies are necessary to proceed to clinical translation, the excellent safety profile and natural origins of THB suggest that it could represent a safe, natural and effective method for improving the skeletal growth of neonates and infants.
Medicine in accordance with a Baylor Scott and White Hospital and Texas A&M Health Science Center Institutional Review Board approved protocol for ethical acquisition of human tissue samples.
